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We investigate the equilibrium and non-equilibrium transport through a quantum dot in the
Kondo regime, embedded between a normal metal and a topological superconductor supporting
Majorana bound states at its end points. We find that the Kondo physics is significantly modified
by the presence of the Majorana modes. When the Majorana modes are coupled, aside from the
Kondo scale TK , a new energy scale T
∗  TK emerges, that controls the low energy physics of the
system. At low temperatures, the ac-conductance is suppressed for frequencies below T ∗, while the
noise spectrum acquires a ∼ ω3 dependence. At high temperatures, T  TK , the regular logarithmic
dependence in the differential conductance is also affected. Under non-equilibrium conditions, and
in particular in the {T,B} → 0 limit, the differential conductance becomes negative. These findings
indicate that the changes in transport may serve as clues for detecting the Majorana bound states
in such systems. In terms of methods used, we characterize the transport by using a combination
of perturbative and renormalization group approaches.
PACS numbers: 73.63.Kv, 72.10.Ad, 73.23.Hk, 85.35.Be, 85.75.Ad
I. INTRODUCTION
Topological phases supporting Majorana fermions con-
stitute an active topic of current research in the con-
densed matter community, motivated by the pursuit of
fault-tolerant topological quantum computation [1]. In
general, Majorana bound states (MBS) appear as zero
energy electron-hole states of a superconductor with bro-
ken spin degeneracy. At present, their existence has been
predicted in a variety of systems, such as p-wave spinless
superconductors [2], three and two-dimensional topologi-
cal insulators in proximity to a superconductor [3, 4], the
ν = 5/2 fractional quantum Hall state [5, 6], cold atom
wires [7], optical lattices [8], quantum dot chains [9], su-
perconductor - double quantum dot systems [10], and
helical Shiba chains [11–13]. It was recently proposed
that MBS can be engineered by inducing superconductiv-
ity in a semiconducting nanowire with strong spin-orbit
coupling [14–16]. When such nanowires are exposed to a
magnetic field, they are driven into the topological phase
supporting MBS at their end points.
As the MBS modify the transport properties of the
nanowire device, several experimental detection schemes
were proposed. Tunneling spectroscopical measurements
of the zero bias anomaly could support the hypothesis
of MBS [17–19], while other do not rule out alternative
explanations, such as the Kondo effect [20], and emerg-
ing subgap states [21]. Alternatively, at equilibrium, in a
Josephson junction, the presence of the MBS enables not
just the tunneling of Cooper pairs but also of single elec-
trons, amounting to a doubling of the periodicity of the
Josephson energy [22–25]. Measurement of nonlocal noise
cross correlations of two well-separated dots mediated by
MBS was also proposed as a test [26–28]. In other ap-
proaches, a quantum dot coupled to two normal leads and
to a topological superconductor supporting MBS would
show dynamical electrical features that could confirm the
presence of MBS [29–31]. Finally, other proposals include
the measurement of the anisotropic susceptibility of a
probe impurity [32, 33], interferometric schemes [34–36],
and spin-polarized scanning tunneling microscopy [37].
Although these investigations have made important steps
toward the observation of MBS, a clear fingerprint that
can provide conclusive evidence for the existence of MBS
is still missing.
The purpose of this work is to provide a general analy-
sis of the transport across a quantum dot (QD) embedded
between a normal metal and a nanowire-type topological
superconductor [38–41], as presented in Fig. 1. As the
transport and spectroscopic measurements are the most
accessible ones, we shall try to identify possible changes
in transport coming from the interplay with the Majo-
rana modes. Throughout this work we shall focus on the
situation when the dot is in the local moment regime, de-
scribed in terms of the local spin S. When the charge fluc-
tuations are neglected, the exchange coupling between
the dot and the normal metal (NM) lead is given by the
Kondo interaction
HNMint =
J
2
∑
σσ′
ψ†σ σσσ′ψσ′ S , (1)
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FIG. 1. (Color online) Sketch of the setup to measure the
conductance and noise. The dot is in the Kondo regime and
is occupied by a single spin S = 1/2. The left lead (N) is a
normal metal, while the right one (TS) is a topological super-
conductor.
with J the Kondo coupling, which in general controls the
Kondo temperature
TK ≈ De−1/(%0J). (2)
Here, %0 is the density of states for the electrons in the
normal electrode, and 2D is the bandwidth of the conduc-
tion electrons. Although Eq. (2) defines the Kondo scale
in the absence of the MBS, we shall prove in Sec. IV A
that this definition indeed extends to the case when the
TSC is coupled to the dot, and that TK can be defined
only in terms of the dimensionless coupling j = %0 J . In
Eq. (1), the field operator
ψ†σ =
√
%0
∫ D
−D
c†σ(ε)dε , (3)
creates an electron with spin σ in the normal lead, and σ
are the Pauli matrices. While the Kondo screening of the
dot spin by the conduction electrons of two normal con-
tacts is well understood by now [42], it is interesting to
understand how the Kondo correlations develop when a
normal metal lead is replaced by a topological supercon-
ductor. It is known that in a NM-QD-Superconductor
setup [43, 44], the Kondo correlations and the supercon-
ducting correlations controlled by ∆, the superconduct-
ing gap, compete and influence the ground state of the
magnetic moment. As a consequence, a quantum phase
transition emerges when TK ≈ ∆. On one side of the
transition point, when TK  ∆, a singlet ground state
is formed, as the local spin becomes screened, while in
the opposite limit, ∆ TK , the ground state becomes a
doublet, as the spin does not couple to the environment.
Here we are interested in what happens to the Kondo
correlations and to the transport across the dot in a
slightly different configuration, when a normal lead is re-
placed with a nanowire in the topological superconduct-
ing (TS) phase. For a non-interacting wire, the TS phase
emerges when h >
√
∆2 + µ2 [8], where ∆ is the pair-
ing amplitude inherited from the nearby superconductor,
µ is the chemical potential and h is the Zeeman energy
of the external magnetic field. In the presence of strong
interactions, it was recently suggested [45] that such sys-
tems support Majorana fermions even in the absence of
a magnetic field. When the gap is large, as we are inter-
ested in the low energy physics, E  ∆, it is a reasonable
approximation to model the TS phase simply by a pair
of MBS formed at the ends of the wire [38]. In this case,
the length of the nanowire influences the hybridization
ξ of the two Majorana modes. It is exponentially small
and depends on the length L of the superconductor as
ξ ∝ exp(−L/ζ), with ζ the coherence length of the TSC.
When L  ζ, the MBS states become decoupled, since
ξ = 0.
The interplay between the Kondo and Majorana
physics is analyzed by constructing an effective Kondo
Hamiltonian, in the spirit of the Schrieffer-Wolff trans-
formations [46], from the single impurity Anderson model
described by the Hamiltonian (A1) in Appendix A. By
projecting out the empty and doubly occupied states of
the dot, an effective Hamiltonian of the form (9) is ob-
tained. We consider the configuration in which the nor-
mal lead is much more strongly coupled to the dot than
to the MBS [38], which translates in terms of the Kondo
couplings to J  JM in Eq. (9).
In the present work we shall characterize the equi-
librium (i.e., zero voltage) and non-equilibrium conduc-
tance, investigate the correlations of the current I(t)
across the dot in time
S(t− t′) = 1
2
〈{I(t), I(t′)} 〉, (4)
and determine the noise spectrum. In terms of the meth-
ods used, the analysis of the equilibrium ac-transport is
carried out by using the numerical renormalization group
(NRG) approach [47–49]. To obtain a clear picture, in
the weak coupling regime, {ω, T}  TK , we supplement
our numerical results with analytical perturbative and
renormalization group calculations. To address the out-
of-equilibrium situation, the current-voltage characteris-
tics are obtained by using a modified version of the real
time functional renormalization group (fRG) approach on
the Keldysh contour, developed in Ref. [50, 51]. As we
shall see, the ac-conductance and noise spectra display
a very rich structure. When ξ 6= 0, as shown in Fig. 2,
below the Kondo temperature TK , a new energy scale
T ∗ emerges, below which the conductance vanishes [39].
As we shall explain below, the inelastic cotunneling pro-
cesses become suppressed below T ∗ when the even-odd
degeneracy of the Hamiltonian sectors is broken by ξ 6= 0.
Furthermore, in this regime, the noise spectrum scales as
S(ω)
T ∗
≈ −α
(e2
h
)( |ω|
T ∗
)3
+ . . . , ω  T ∗ , (5)
with α a constant of the order ∼ 1. This behavior has
a simple physical explanation in terms of parity conser-
vation: In the absence of a parity relaxation mechanism,
an electron injected from the normal lead can give rise
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FIG. 2. (Color online) Frequency dependent conductance
G(ω) and current noise S(ω) at T = 0 for ξ = 0 and ξ 6= 0.
The characteristic scale T ∗ is a manifestation of the parity
conservation and can be associated with the energy below
which the cotunneling events become suppressed.
with a certain probability to an outgoing electron in the
TSC lead. Before such a process can occur, another elec-
tron from the normal lead must be injected, which re-
stores the parity of the initial state, and therefore two
electrons must be transferred across the dot. Thus, at
equilibrium, no transport is possible and G(ω → 0) = 0.
In the small frequency limit, G(ω) ∼ ω2, and by the
fluctuation-dissipation theorem this implies a |ω|3 de-
pendence in noise spectrum in Eq. (5). At energies of
the order ω ∼ T ∗, the inelastic cotunneling processes are
restored, and a half unitary conductance emerges. As a
result, the noise acquires a linear dispersion, as given in
Eq. (27). The S(T ∗  ω  TK) ≈ αω+ . . . dependence
is a consequence of the Fermi liquid nature of the Kondo
state [52].
The Majorana modes change also the high energy be-
havior. In the perturbative limit, the ”regular” Kondo
transport is characterized by a logarithmic dependence
on energy, as the differential conductance is well de-
scribed by the expression [51]
G({eV, T,B}  TK) ∝
(
e2
h
)
1
ln2({|eV |, T, B}/TK)
,
(6)
with V the bias across the dot and B the external mag-
netic field. This behavior is a hallmark of the Kondo
effect, and the divergence in Eq. (6) when T → TK , in-
dicates the breakdown of the perturbative approach.
A perturbative treatment, backed up by the NRG anal-
ysis, indicates that for the hybrid system that we con-
sider, the standard Kondo behavior is modified, and that
the differential conductance shows a much stronger de-
crease as a function of energy. For example, the temper-
ature dependence in G(T ) is captured by the expression
G(T  TK) ≈
(
e2
h
)
3pi2
8
1
%0 T
p2
ln2(T/TK)
, (7)
with p a simple number giving the asymmetry of the dot,
as defined in Sec. II. Our perturbative result is in agree-
ment with the one obtained in Ref. [38], where a similar
temperature dependence was obtained. When compared
to the regular Kondo behavior, [52], the equilibrium ac-
conductance G(ω), as prescribed by Eq. (25), is also mod-
ified. (see also Fig. 2 for the NRG results). As a result,
the leading logarithmic corrections for the noise is found
to be
S(ω  TK) ≈
(
e2
h
)
3pi2
2%0
p2
ln2(|ω|/TK)
. (8)
It indicates that the noise decreases with the frequency,
which is strikingly different from the the almost linear
dependent spectrum, S(ω  TK) ∼ ω/ ln2(|ω|/TK), that
develops in the regular Kondo model [53].
So far we have restricted our discussion to the equilib-
rium situation. The description of the non-equilibrium
problem is in general difficult since the perturbation ap-
proach fails, as a resummation to infinite order of the
most diverging diagram is in general needed. In that re-
gard, in Ref. [51] we have developed a real time function
renormalization group (fRG) formalism that provides
an elegant solution for investigating the non-equlibrium
transport. The method is related in spirit with the
other fRG approaches developed in Refs. [54, 55]. In the
present work we extend the formalism to the setup con-
figuration in Fig. 1. Like all the other RG approaches, the
fRG is suitable only in the weak coupling regime, where
max{eV, T,B}  TK . At present, we are not aware
of any trustable method that can access the strongly
coupled limit at non-equilibrium, and this is the rea-
son why the non-equilibrium configuration is investigated
only in the perturbative limit. In the fRG approach,
the effective interactions become local in time, and they
satisfy an integro-differential set of equations, as shall
be discussed in more detail in Sec. IV A. Here, we just
want to point out that the dimensionless renormalized
exchange interaction, jM (ω) = ρ0JM , that couples the
dot to the MBS, and defined in Eq. (35), displays a
singularity that is in resonance with the Fermi energy
of the normal lead, without any other particular fea-
tures, jM (ω) ∼ 1/ ln(|ω − eV/2|/TK). The upper panel
of Fig. 3 presents a sketch with the frequency depen-
dence of jM (ω), while the exact result is presented in
Figs. 7 and 8. However, the most astonishing result
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FIG. 3. (Color online) (a) Voltage dependence of jM (eV ),
showing the logarithmic divergence ∼ 1/ ln(|ω − eV/2|TK)
pinned at ∼ eV/2. The arrow pictures an electronic pro-
cess that contributes to the current, in which one electron is
transferred resonantly from the normal lead to the Majorana
bound state. (b) The non-equilibrium differential conduc-
tance G(V ) for different temperatures and magnetic fields.
The dashed black line represents the renormalized perturba-
tive result. We used the parameters ξ = 0, j = 0.125 and
jM/j = p = 0.1.
is presented in Fig. 3 (lower panel): In the {B, T} → 0
limit, the differential conductance becomes negative. This
behavior can be understood in terms of the resonant
transmission between the normal lead and the MBS.
It is shown in Eq. (49), assuming ξ = 0, that up to
a prefactor, the average current 〈I〉 is simply given by
〈I〉 ∝ |jM (−eV/2)|2 tanh(eV/2T ). At T = 0, the lead-
ing logarithmic correction (the first term in (50)) van-
ishes, and only the sub-logarithmic correction (second
term in (50)) survives. Then, the differential conduc-
tance becomes negative. At intermediate voltages and
when T > 0, the leading contribution becomes dominant
and restores the differential conductance to a positive
value. On the other hand, at finite temperature, the
tanh function has a finite derivative, which can reverse
the slope of the current.
The emergence of the new energy scale T ∗, together
with the results for the conductance and noise presented
in Eqs. (5), (7) and (8), and the prediction of a nega-
tive differential conductance under non-equilibrium con-
ditions, are the main results of this paper. They pinpoint
significant changes in the transport across a dot in the
Kondo regime as a consequence of the presence of the
Majorana modes.
The rest of the paper is organized as follows: In Sec. II
we shall introduce the Kondo Hamiltonian for the system.
Its derivation is detailed in Appendix A, by performing a
Schrieffer-Wolff transformation [46] to the single impurity
Anderson model that takes into account the coupling to
the Majorana modes explicitly. In Sec. III we shall focus
on the equilibrium regime, for which we employ the NRG
technique to investigate the conductance and noise spec-
tra in both the weak coupling (Sec. III A), and the strong
coupling limit (Sec. III B). In Sec. IV we construct the
FRG approach and use it later in Sec. V to compute the
non-equilibrium conductance in the perturbative regime.
We give our final remarks in Sec. VI.
II. HAMILTONIAN
We shall assume that there is a single spin S = 1/2
in the dot, that couples to the electrons in the normal
lead and to the Majorana fermions through the Kondo
interaction
Hint = H
NM
int +
∑
σσ′
JM
2
{
ψ†σ σσσ′Φσ′ S+ H.c.
}
. (9)
The first term describes the regular Kondo interaction
between the localized spin and the normal lead, while
the second term describes the coupling of the normal elec-
trons to the Majorana fermions, mediated by the local-
ized spin through the exchange interaction JM . Such an
”anomalous” term arises when performing the Schrieffer-
Wolff transformations of an underlying Anderson model
(Appendix A). Here, Φσ = uσγ1
√
2 = uσ(f + f
†) de-
scribes the Majorana field. As we shall see in Sec. III A,
the relevant quantity that enters the transport equations
is the asymmetry of the dot defined as p = JM/J . Here
we only address the strongly anisotropic situation cor-
responding to p  1. In the configuration presented in
Fig. 1, the Majorana mode γ1 is the one that couples
to the dot. We chose it to be polarized along the spin
↓y direction, so it couples to the y-component of the dot
spin [39]. Then, the couplings to spin-↑z and spin-↓z
directions are the same in amplitude but have different
phases uσ = 1/
√
2{1,−i}T . In our convention
γ1 =
1√
2
(f + f†) , (10)
while the other mode γ2 = i(f − f†)/
√
2 resides at the
other end of the topological superconductor. In Eq. (10),
f† are ordinary fermionic operators, which implies that
the MBS operators γn anticommute, {γ1, γ2} = 0, but
also satisfy the relation γ2n = 1. Notice that f carries no
spin index, so the occupation of the Majorana mode is
〈nf 〉 = 〈f†f〉 = {0, 1} only. The normal lead is described
5by the Hamiltonian
HN =
∑
σ
∫ D
−D
(ε− µN ) c†σ(ε) cσ(ε) dε , (11)
with µN the chemical potential given by µN = eV/2. The
electrons in the leads are assumed to be non-interacting,
and the energy is measured from the chemical poten-
tial. The operators in Eq. (11) satisfy the usual anti-
commutation relations
{cσ(ε), c†σ′(ε′)} = δσσ′δ(ε− ε′). (12)
In the f -representation, the Hamiltonian that describes
the MBS is:
HM = (ξ − µM ) (f† f − 1/2) , (13)
with µM = −eV/2. An external magnetic field enters
through the dot Zeeman splitting,
HZ = BS , (14)
and is assumed to have no effect on the dynamics of the
external normal lead [56]. The total Hamiltonian
HT = HN +HM +Hint , (15)
captures the essential physics for our set-up. Under equi-
librium conditions, µN = µR = 0, the problem can be
solved exactly [47] by mapping the system to a Wilson
chain and solving it with the help of NRG method [57].
We first note that HT has a Z2 symmetry, as it con-
serves the parity P of the total fermionic number [58].
Because of the anomalous terms ∼ ψ†σf† that enter the
interaction Hamiltonian (9), neither the total charge nor
the total spin are good quantum numbers, as their cor-
responding operators do not commute with the Hamilto-
nian (15). Therefore, we can use only one quantum num-
ber P = {e, o}, to classify the multiplets of the Hamilto-
nian (15) as having even or odd symmetry [59].
III. EQUILIBRIUM AC-CONDUCTANCE AND
NOISE
To analyze the transport, we have to define the cur-
rent operator. With the convention that the current de-
scribes the flow of the electrons from the normal lead into
the dot, the corresponding operator is obtained from the
equation of motion for the charge operator
Q = eN = e
∫ D
−D
c†(ε) c(ε) dε , (16)
in the normal lead as:
I = eN˙ =
i e
~
[
N, Hint
]
, (17)
and it can be expressed in terms of the Fσ = (Sσ ψ)σ,
the so called composite fermion operator
I =
i e
2 ~
JM
∑
σ
{
F †σΦσ −H.c.
}
. (18)
The ac-conductance can be obtained by using the Kubo
formalism as:
G(ω) =
{
(I, I)retω − (I, I)retω=0
}
/ω , (19)
with (I, I)retω the Fourier transform of the retarded, time
dependent correlator
(I, I)(t) = −iθ(t)〈[I(t), I(0)]〉 . (20)
It is useful to introduce a new local operator, the com-
posite Majorana operator Cσ = (F
†
σΦσ − H.c), in terms
of which the real part of the ac-conductance can be ex-
pressed as:
G(ω) =
(
2 e2
h
)
pi2 J2M
8ω
∑
σσ′
%CσCσ′ (ω) , (21)
with %CσCσ (ω) the spectral representation of Cσ. The
dc-limit of the conductance can be obtained by taking
the ω → 0 limit in Eq. (21), G = limω→0G(ω). At
equilibrium, the spectrum of the symmetric noise, S(t),
is related to the real part of the ac-conductance through
the fluctuation-dissipation theorem [60]
S(ω) = −ω coth
( ω
2T
)
G(ω). (22)
Since Cσ are local operators, their spectrum can be com-
puted exactly by using the NRG method [61]. As we
are interested in the current across the dot, the ac-
conductance G(ω) depends only on the dimensionless
coupling jM . We analyze separately the two different
regimes that usually emerge in Kondo problems: (i) the
low energy, strongly correlated regime, where the parame-
ters {T, ω}  TK are small compared to the Kondo scale,
and (ii) the perturbartive, or the weak coupling regime,
{T, ω}  TK , where the problem can be described per-
turbatively in jM .
A. T=0, weak coupling regime, ω  TK
When the exchange coupling in Eq. (9) is treated per-
turbatively, one can evaluate the noise order by order in
jM . In the zeroth order, using definitions (4) and (18),
the ac-noise is computed as
S(ω  ξ) ≈ −
(
e2
h
)
3pi2
2
%0 J
2
M , (23)
and by the fluctuation dissipation theorem, Eq. (22), the
perturbative results for the ac-conductance is then:
G(ω) ≈
(
e2
h
)
3pi2
2
%0 J
2
M
|ω| . (24)
6Summing the higher order contributions introduces log-
arithmic corrections to the couplings. To compensate
for these terms, it turns out that to is sufficient to
replace the bare coupling with its renormalized value
jM → p/ ln(|ω|/TK), which gives for the conductance
G(ω) ≈
(
e2
h
)
3pi2
2
1
%0 |ω|
p2
ln2(|ω|/TK)
. (25)
As explained in Sec. I, this result is in contrast with the
usual 1/ ln2(ω/TK) dependence that develops in the reg-
ular Kondo model in the same limit. Because of the
extra ω dependence at the denominator in Eq. (25), the
ac-conductance is expected to increase more steeply as ω
decreases toward TK . Except for a prefactor, the finite
temperature behavior of the differential dc-conductance
follows a similar trend, as shown in Eq. (7).
B. Strong coupling regime, ω  TK
As the frequency approaches the Kondo scale, the lead-
ing logarithmic correction in (25) diverges, signalling the
breakdown of the perturbation theory. Symmetry consid-
erations indicate that in the strongly correlated regime,
there is a clear distinction between the limits when the
MBS are hybridizing (ξ 6= 0) or not (ξ = 0). When ξ = 0,
the multiplets with {e, o} symmetry are degenerate in en-
ergy, and the transmission across the dot is at resonance.
Below TK , the transport is realized by inelastic cotunnel-
ing processes by exciting parity degrees of freedom. In
the T = 0 limit and for ξ = 0, by the Friedel sum rule, a
half-unitary conductance is expected
G({ω, T} = 0) = 2
(e2
h
)
sin2
(pi〈ntot〉
2
)
=
e2
h
, (26)
as the average occupation of the QD-MBS system is
〈ntot〉 = 3/2. In the small energy limit, G(ω) = G(ω =
0) + . . . remains practically constant [62]. As a result,
the low frequency noise is linear in frequency
S(ω) = −
(
e2
h
)
|ω |. (27)
These estimates are nicely captured by the NRG results
presented in Fig. 2. The linear S(ω) ∼ ω dependence of
the noise, is also predicted in the regular Kondo prob-
lem [52], so that as long as the MBS are completely de-
coupled, S(ω) has the same linear dependence.
When the degeneracy of the multiplets is broken (ξ 6=
0), there is a dramatic change in the conductance, and a
smaller energy scale T ∗  TK given by
T ∗ ' %0
(ξ
p
)2
(28)
emerges. At large enough frequencies, but still in the
strong coupling regime, T ∗  ω  TK , the cotunneling
processes are still responsible for transport, and implic-
itly G(ω) ≈ e2/h. In the small frequency limit, ω  T ∗,
the cotunneling processes are strongly suppressed. As
the ground state becomes non-degenerate in the {e, o}
space, only higher order processes survive, in which at
least two particles are exchanged with the normal lead.
As a result, the ac-conductance is strongly suppressed
below T ∗,
G(ω) ≈ α
(
e2
h
)( ω
T ∗
)2
, (29)
with α the same constant as in Eq. (5). In this regime,
by fluctuation-dissipation theorem, the noise acquires a
S(ω) ∼ ω3 dependence. Although the transport is gov-
erned by higher order processes, the NRG spectrum guar-
antees that the new fixed point is still that of a Fermi
liquid in nature.
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FIG. 4. (Color online) Frequency dependent spectral func-
tion Aγ1(ω) at T = 0 for different values of ξ.
The characteristic energy T ∗ affects the spectral func-
tions of all the local operators. In Fig. 4 we represent
the spectral function Aγ1(ω) of the Majorana operator
γ1 defined in Eq. (10). We can see that Aγ1(ω) shows a
similar dependence on frequency to G(ω), and gets sup-
pressed below T ∗. This can be understood by that fact
that both the normal and the anomalous spectral func-
tions of the f-operator used to construct Aγ1(ω) display
a large peak close to zero frequency with a width of the
order of T ∗. These large peaks in the two functions have
opposite signs, leading to a total suppression of Aγ1(ω)
below T ∗. When ξ → 0, each peak narrows down and in-
creases in height, transforming into a zero-energy δ-peak,
which can be associated with the decoupled Majorana
modes [30]. The effect of a non zero magnetic field is
displayed in Fig. 5. As expected, a finite B decreases
the Kondo temperature, but as long as ξ = 0, the low-
frequency conductance remains unaffected. For finite ξ,
we have found that T ∗ increases logarithmically with B
for B ≥ TK , but the conductance still displays the ∼ ω2
behavior below T ∗. Although we apply an external mag-
netic field, we do not separate the conductance into spin
channels, as the spin is not a good quantum number.
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FIG. 5. (Color online) Magnetic field dependence of the ac-
conductance for ξ = 0 and ξ/TK = 10
−2, computed with the
NRG.
IV. FRG APPROACH AND THE KELDYSH
ACTION
In contrast to the equilibrium situation, the non-
equilibrium problem with HT defined in Sec. II does not
possess a complete solution, not even numerically. That
is because below the Kondo scale, TK , defined in (2), the
couplings get strongly renormalized, and eventually di-
verge as the problem scales towards the strong coupling
fixed point.
In the present section, we shall construct a framework
for computing the conductance under non-equilibrium
conditions in the weak coupling regime, under slightly
more relaxed conditions, where at least one of the energy
scales involved is larger than TK , i.e. max{eV, T,B} 
TK . We shall discuss the major aspects of the method:
(i) how the RG equations for the couplings can be ob-
tained and solved, and (ii) analyze possible channels of
decoherence of the local spin.
As we are dealing with a non-equilibrium situation, we
use the Keldysh formalism, and for that we first express
the local spin S in terms of the pseudo-fermion operators
as by using the Abrikosov representation [63]
S =
1
2
∑
ss′
a†s σss′ as′ . (30)
They give the correct physical states provided that the
dot is singly occupied. To ensure this constraint, we
have to add a Lagrange multiplier to the Hamiltonian:
HT → HT + λ
∑
s a
†
sas. We also switch to the path in-
tegral formalism. The partition function is constructed
in the usual way by replacing each fermionic field by a
Grassmann variable [64]
{ψσ, ψ†σ, γi, γ†i } → {ψκσ , ψ¯κσ , γκi , γ¯κi } , (31)
with κ = {1, 2} labeling the upper/lower Keldysh con-
tours. These Grassmann fields depend now on time, and
it is customary to write the path integral for the statis-
tical sum as:
Z =
∫ [Dψ¯DψDγ¯DγDa¯Da] e−S[ψ¯,ψ,γ¯,γ,a,a¯] , (32)
with the total fermionic action: S = SN + SM + Sspin +
Sint. The non-interaction part, SN , describes the elec-
trons in the normal lead:
SN =
∑
κκ′
∑
σ
∫
dt dt′ψ¯κσ(t)Gκκ
′(0)−1
σ (t− t′)ψκ
′
σ (t
′) .
(33)
Here Gκκ′(0)σ (t) are the four components of the Keldysh
Green’s function (see Appendix B). Notice that Gκκ′(0)σ (t)
is diagonal in the spin labels, but has off-diagonal ele-
ments in the Keldysh indices. For the MBS, the non-
interacting action is
SM =
∑
κκ′
∑
i,j={1,2}
∫
dt dt′γ¯κi (t) Ξ
κκ′(0)−1
ij (t− t′) γκ
′
j (t
′),
(34)
where Ξ
κκ′(0)
ij are again the four components of the cor-
responding Keldysh Green’s function (see Appendix B),
and we have a similar Sspin term for the localized spin.
These kinetic terms SM , SN and Sspin are quadratic
in the fields and determine the non-interaction Green’s
function for each species of fermions. The interaction
part, Sint ∝
∫
Hintdt, can be written in a relatively gen-
eral form by considering that the exchange interaction is
no longer an instantaneous process, but acquires a time
dependence [51]
j σσσ′ ⊗ σss′δ(t) = jσσ′ss′ δ(t)→ gσσ
′
ss′ (t)
jM σσσ′ ⊗ σss′δ(t) = vσσ′ss′ δ(t)→ vσσ
′
ss′ (t) . (35)
Replacing the couplings by the time dependent ones, the
interacting action becomes
Sint =
∑
κ
(−i)κ
4
∑
σσ′
∫
dt dt′
{
gσσ
′
ss′ (t− t′) ×
ψ¯κσ(t)ψ
κ
σ′(t
′) a¯κσ(T ) a
κ
σ′(T )+(
vσσ
′
ss′ (t− t′) ψ¯κσ(t) Φκσ′(t′) +H.c.
)
a¯κσ(T ) a
κ
σ′(T ) . (36)
The first term in Sint describes processes where the elec-
trons are scattered in the normal lead, and are respon-
sible for the regular Kondo effect. The second term in-
volves the Majorana modes, and describes processes in
which one electron at time t is scattered by the spin fluc-
tuation into the MBS at time t′. The spin fluctuation
itself happens at some intermediate time T = (t+ t′)/2.
The electronic processes are considered to be instanta-
neous, without any decay. We neglect the self-energy of
the conduction electrons in the leads, but in contrast, the
much slower spin flip processes are characterized by a de-
cay rate that will be discussed in more detail in Sec. IV B.
8A. RG equations for the dimensionless couplings
In this section we shall construct the scaling equa-
tions for the exchange couplings by following the work
in Ref. [51]. The general recipe consists of expanding the
action S in terms of Sint given in Eq. (36), followed by
a rescaling of the cutoff parameter a → a′. It leads to
a set of integro-differential equations for the renormal-
ized couplings. As noticed in Ref. [51], it is simpler to
analyze these equations in the Fourier space, as they ac-
quire a simpler structure. We shall not present the full
derivation here, but only give their final form
d gσσ
′
ss′ (ω)
dl
=
1
4
∑
σ˜s˜
[
gσσ˜s˜s′(ωs˜s) g
σ˜σ′
ss˜ (ωs˜s′)Θωs˜s+ωs˜s′
2 −µN
− gσσ˜ss˜ (ωs′s˜) gσ˜σ
′
s˜s′ (ωss˜) Θωss˜+ωs′s˜)
2 −µN
]
d vσσ
′
ss′ (ω)
dl
=
1
4
∑
α˜σ˜s˜
[
gσσ˜s˜s′(ωs˜s) v
σ˜σ′
ss˜ (ωs˜s′)Θωs˜s+ωs˜s′
2 −µN
− gσσ˜ss˜ (ωs′s˜) vσ˜σ
′
s˜s′ (ωss˜) Θωss˜+ωs′s˜
2 −µN
]
.
(37)
Here l = ln(a/a0) is the scaling variable, and a0 is the ini-
tial value of the cut-off time. We also used the notations
ωss′ = ω+ (λs− λs′)/2, while Θω = Θ(1/a− |ω+ iΓ|) is
some cutoff function that can be chosen to be the Heavi-
side step function [50], with Γ the relaxation rate serving
as a cut-off energy (see Sec. IV B). The pseudo-fermion
energies are simply given by λs = −sB/2. To get a better
understanding of the processes involved, we illustrate in
Fig. 6 a diagrammatic representation for Eqs. (37). The
solid blue vertex is associated with jM , while the wavy
lines are the Majorana propagators. In the absence of an
FIG. 6. (a) Graphical representation of the differential equa-
tion for the couplings. Blue (filled) dots denote the coupling
vσσ
′
ss′ (ω), while red (hollow) dots denote g
σσ′
ss′ (ω). The deriva-
tives of the electronic Green’s functions with respect to lnD
are represented by crossed solid lines. The pseudofermions are
represented by dashed, and the Majorana Green’s functions
by wavy lines.
external magnetic field, λs = 0, and by using the symme-
tries of the coupling matrix, it is possible to reduce (37)
to a much simpler form [51]
d g(ω)
dl
= g(ω) Θ(ω, a) g(ω) (38)
d v(ω)
dl
= g(ω) Θ(ω, a) v(ω) . (39)
Here Θ(ω, a) = Θω−µN . The equation for g(ω) is in-
dependent of v(ω), and solely defines the Kondo scale
TK . To understand that, we notice that in the static
limit, ω → 0, Eq. (38) reduces to the ’poor man’s equa-
tion’, as first derived by Anderson [65], with the asymp-
totic solution g ≈ 1/ ln(D/TK), and TK defined in Eq.
(2). The other equation can also be solved analytically in
the same limit, and a similar behavior is found, namely
v ≈ p/ ln(D/TK). On the other hand, in general, the
coupled set of equations (38)-(39) can be solved only nu-
merically. Typical results for the renormalized couplings
in the absence of the external magnetic field, are pre-
sented in Fig. 7. The couplings show a single logarithmic
divergence at frequency ω ' eV/2, which corresponds
to the voltage applied to the normal lead. In the very
high-frequency limit, the couplings lose their logarithmic
behavior and tend to a constant value corresponding to
the bare couplings.
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FIG. 7. (Color online) Renormalized couplings for three
different voltages at zero magnetic field, taking p = 0.1. Both
g(ω) and v(ω) show a logarithmic singularity at ω = eV/2.
Applying an external magnetic field, the logarithmic
divergence at ω ' eV/2 is split, and the couplings develop
peaks at ω ' (eV ± B)/2. In Fig. 8 we present the
results for some of the components of g(ω) ≡ gσσ′ss′ and
v(ω) ≡ vσσ′ss′ , when a magnetic field of B = 100TK is
applied. As the relaxation rate increases with B, the
peaks are broader and reduced in amplitude as compared
to the B = 0 case.
B. Decoherence effects
In this section we shall use the master equation ap-
proach (ME) to give a quantitative description of the
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FIG. 8. (Color online) Some of the components of the di-
mensionless renormalized couplings gσσ
′
ss′ (ω) and v
σσ′
ss′ (ω) in
the presence of an external magnetic field B = 100TK . In
the present calculation we fixed p = 0.1. The logarithmic sin-
gularity at eV/2 when B=0 is now broadened and split into
two separate peaks at (eV ±B)/2.
relaxation processes. Within the ME approach we usu-
ally start by considering that initially the dot is in a
certain spin configuration: either in a spin-up (S =↑)
or spin-down (S =↓) state, then let the system evolve
from one state to another by means of scattering pro-
cesses between the NM and the MBS leads. As these
processes are random, they are characterized by some
scattering rates, γS
′←S
F←I . These rates describe the cotun-
neling processes in which an electron leaves the ”lead”
α = {NM,MBS} in state I, while another electron en-
ters ”lead” β = {NM,MBS} in state F , and at the same
time the localized spin is flipped, going from S → S′.
At finite temperatures, the scattering into the NM lead
alone dominates. These processes take a random time
of the order of τΓ ≈ h/(pij2T ), as we shall see below.
Therefore, it is justified to introduce a typical time scale
τΓ ≈ h/Γ and a typical energy Γ that characterizes the
relaxation processes. On the contrary, at T = 0 and
B = 0, the only relevant scattering processes are those
where the electrons/holes are exchanged between the NM
and MBS. Processes where only the Majorana lead is in-
volved, are ∝ |η|4 and will be neglected. Here η is the
hopping matrix between the QD and the Majorana lead.
Considering for example the processes in which an elec-
tron is removed from the normal lead and one electron is
added to the MBS (in either order), we get the rate
γ⇑←⇓Fa←Ia =
pi
4%0
∫
d f(− µL) [1− f(− µR)]
|jM |2 δ(− ξ − µR) , (40)
where the index a denotes these particular processes.
Then, the decay of the local spin is characterized by the
rate:
Γ⇑←⇓ = Γ⇓←⇑ =
∑
I,F
γ⇑←⇓F←I (41)
' pi
4%0
j2M [f(−ξ)f(ξ − eV ) + f(ξ)f(−ξ + eV )] ,
and the expectation value of the z-projection of the im-
purity spin satisfies the equation:
d
dt
〈Sz〉 = −(Γ⇑←⇓ + Γ⇓←⇑)〈Sz〉. (42)
Considering the case ξ = 0 only, the total decoherence is
Γ(T = 0, V ) =
pij2M
4%0
. (43)
At finite temperatures, the coupling to the normal lead
dominates, but in general, the two mechanisms for the
decoherence produce the total decay rate
Γ ' pij2T + pij
2
M
4%0
. (44)
At first sight, the spin relaxation rate appears to be volt-
age independent, and only to depend on temperature.
This is the simple minded estimate for Γ, as obtained
in the lowest order perturbation theory. Higher order
corrections can be summed up simply by replacing in
Eq. (44) the bare couplings j and jM by their renormal-
ized value(
j
jM
)
→
(
1
p
)
1
ln(max(|eV |, T )/TK) . (45)
In this way the relaxation rate acquires a weak, logarith-
mic voltage dependence.
To check our estimates, we have compared them with
the more elaborate results obtained within the fRG ap-
proach, where the full frequency renormalized couplings
g(ω) and v(ω) were used to estimate Γ [51]. Figs. 9
and 10 present such comparisons.
The voltage dependence of Γ is shown in Fig. 9 for
different temperatures. At T = 0, the only available re-
laxation processes involves resonant scattering between
the normal lead and the MBS. In that regard, the high
voltage limit, eV  TK , is very well captured by our per-
turbative result, Eq. (43). On the other hand, the offsets
at T > 0 are due to the processes involving the normal
lead. At any temperature, Γ(V ) decreases with the volt-
age, in contrast to the usual almost linear increase in the
regular Kondo problem [51]. The temperature depen-
dence is presented in Fig. 10. As the scattering processes
involve now mostly the normal lead, the ∝ T/ ln2(T/TK)
dependence is recaptured.
V. NON-EQUILIBRIUM DIFFERENTIAL
CONDUCTANCE
In the present section we present results for the non-
equilibrium differential conductance. We start by intro-
ducing the current operator [51], which in terms of time
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FIG. 9. (Color online) The decoherence as function of V for
different temperatures. The dotted line (RPT) is the renor-
malized perturbative result, (43), with the renormalized cou-
pling jM → p/ ln(V/TK)
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FIG. 10. (Color online) The decoherence Γ as function of
temperature. In the high temperature limit, T  TK , the
source of decoherence are the processes involving the normal
lead. The black dotted line represents the renormalized per-
turbation theory (RPT) result, given by (44), but using the
renormalized couplings.
dependent couplings, becomes a nonlocal operator
I(t) = i
e
2~
∑
σσ′ss′
∫
dt′vσσ
′
ss′ (t− t′)ψ†σ(t)u∗σ′
[
f(t′) + f†(t′)
]
a†s
(
t+ t′
2
)
as′
(
t+ t′
2
)
dt′ + H.c. . (46)
Within the perturbation theory on the Keldysh contour,
it can be evaluated order by order in dimensionless cou-
plings. Here we restrict ourselves to the first order in the
perturbative expansion:
〈I(t)〉 = (−i)
∫
K
〈TCI(t)Hint(t′)〉dt′, (47)
with the time integral performed on the Keldysh contour.
We assume the symmetric bias configuration, where the
finite voltages ±V/2 are applied to the leads. When eval-
uating (47), it is simpler to transform it to Fourier space,
and compute the frequency integrals numerically using
for the renormalized couplings the solutions obtained in
Eqs. (38). Then, the usual differential conductance is
computed as
G(V, T ) =
d〈I〉
dV
. (48)
The results for G(V ) were already discussed to some ex-
tent in Sec I, and indicate that in some limits, the differ-
ential conductance becomes negative. In this section we
shall extend our analysis, and try to present analytical
results where possible.
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FIG. 11. (Color online) The average current 〈I〉 as function of
the voltage drop V, for different temperatures and magnetic
fields. The blue dotted line is the renormalized perturbative
result.
To obtain G(V ) at non-equilibrium, we have to cal-
culate the average current, 〈I〉, to second order in jM .
Evaluating Eq. (47) by using the Green’s functions de-
fined in Appendix. B, we obtain
〈I(V, T )〉 = e
h
3pi2
2%0
j2M
(
−eV
2
+ ξ
)
[f(−ξ)f(ξ − eV )−
−f(ξ)f(eV − ξ)] . (49)
This result can be understood in terms of the scatter-
ing processes depicted in Fig. 3 (upper panel). The first
term in the bracket can be associated with a process in
which an electron is scattered from a filled state in the
normal lead into an available MBS state, while the sec-
ond term is the backward process. In a given voltage
configuration, because of the Fermi functions that en-
ter Eq. (49), at T = 0 and finite ξ, the device acts as
a diode that conducts only in one direction. Evaluating
higher order contributions to the current, one obtains log-
arithmic corrections to the coupling jM . This is depicted
in the upper panel of Fig. 3, which indicates that the
logarithmic corrections in the renormalized perturbative
procedure amounts to the substitution (45). Then, in the
high voltage limit, |eV |  TK , and for {T, ξ}  V , the
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differential conductance has a somewhat simple analyti-
cal expression
G(V  TK , T  V ) '
' e
2
h
3pi2
2%0
p2
ln2
(
|eV |
TK
) [ 1
4T
sech2
(−eV + ξ
2T
)
−
−2 f(−ξ)− f(−ξ + eV )
ln
(
|eV |
TK
)
eV
 . (50)
The first term in the bracket is the leading logarithmic
correction which was first obtained in Ref. [38]. As ex-
pected, at finite T , this term dominates at intermedi-
ate voltages, but under some specific conditions, when
for example |eV |  T , the subleading correction (sec-
ond term in Eq. (50)) becomes the dominant one. The
sign of the latter term is negative due to the fact that
jM (−eV/2) decreases with increasing the voltage. Next,
we will consider the case ξ = 0 for simplicity. At T = 0,
the result for G(V ) obtained from Eq. (50) is plotted
together with the fRG result in Fig. 3, while the cor-
responding current curves are shown in Fig. 11. The
renormalized perturbative result is in perfect agreement
with the fRG result over a wide range of voltages as long
as eV  max{TK ,Γ}. At finite temperature, the lead-
ing term dominates at intermediate voltages, leading to
a change of the sign in G(V ).
VI. CONCLUSIONS
In this work we have investigated in detail the ac-
conductance and noise through a quantum dot in the
local moment regime, which is coupled to a normal metal
lead on one side, and to a topological superconductor on
the other side. Starting with a single impurity Anderson
Hamiltonian, we have used the Schrieffer-Wolff transfor-
mations [46] to map the problem to an effective Kondo
model in which the coupling of the local spin to the Ma-
jorana modes is explicit.
The problem at equilibrium was investigated by us-
ing the powerful numerical renormalization group ap-
proach, supplemented by the perturbative calculations
in the weak coupling regime. The ac-conductance and
noise has a spectacular behavior: When the Majorana
modes are coupled, a new energy scale T ∗ emerges, that
controls the low energy transport. We have identified this
scale as a manifestation of the parity conservation in the
absence of parity relaxation mechanisms. For frequencies
below T ∗, the ac-conductance becomes suppressed, and
as a result, the noise spectrum acquires a S(ω) ∼ ω3 de-
pendence. On the other hand, when the Majorana modes
are not coupled, the low energy transport is entirely con-
trolled by the Kondo physics, and transport is realized
through cotunneling processes that excite the parity de-
grees of freedom.
To address the non-equilibrium situation, we devel-
oped a real time functional renormalization group (fRG)
formalism and constructed a set of RG equations for the
renormalized couplings. The structure of the RG equa-
tions is such that it sums up all the leading logarith-
mic contributions and is valid at any voltage V , tem-
perature T , or frequency ω, under the condition that
max{eV, T, ω}  TK . This set of RG equations also indi-
cates that the Kondo scale is not affected by the coupling
to the Majorana modes, and is entirely controlled by the
exchange with the normal lead. As the dynamics of the
local spin is strongly affected by the decoherence effects,
we have used a master equation approach to investigate
how the spin decays, and we have computed the spin
relaxation rate Γ. We have found that Γ has a slow log-
arithmic voltage dependence, but a faster T/ ln2(T/TK)
variation with temperature. The RG equations have been
solved numerically in the Fourier space, and then their
solutions have been used to compute the temperature
and voltage dependence of the differential conductance.
We have found that in the limit T → 0, the differential
conductance becomes negative. Increasing the tempera-
ture can change the sign of the differential conductance.
In the weak coupling regime, our results agree with the
ones presented in Ref. [38], and show that the logarith-
mic increase in the transport coefficients is altered, and
a much steeper increase emerges as the energy drops to-
wards the Kondo scale. Measuring such anomalies in
transport indicates the presence of the Majorana modes
in the system.
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Appendix A: The Schrieffer Wolff transformations
In our approach, the quantum dot is described by the
single impurity Anderson model (SIAM), which in its
simplest form consists of an energy level of energy εd,
and an on-site repulsion term
HD =
∑
σ
εdd
†
σdσ + U n↑n↓, (A1)
and can be coupled to several leads. In Eq. (A1), U repre-
sents the on-site Coulomb interaction. Here we consider
the setup sketched in Fig. 1, in which the dot is coupled
to the Fermi see of the conduction electrons of a metal-
lic lead, described by the Hamiltonian (11), and to a
nanowire with induced superconductivity, characterized
by an induced gap ∆ and supporting Majorana bound
states at its ends. As discussed in Sec. I, in the small
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energy limit, E  ∆, the topological superconductor is
simply modeled by a pair of MBS states, described by
the Hamiltonian (13). In its most general form, the hy-
bridization between the dot and the two external leads is
given by the tunneling Hamiltonian
Htun =
∑
k,σ
(tkc
†
kσdσ + t
∗
kd
†
σckσ)
+
∑
σ
ησ(f + f
†)dσ + η∗σd
†
σ(f + f
†), (A2)
where tk are the hopping integrals between the QD and
the normal lead, and ησ are the hopping integrals be-
tween the QD and the Majorana lead. In terms of the
phase uσ, they are simply given as ησ =
√
2 η uσ [39].
In our configuration we consider the strongly anisotropic
situation, corresponding to η  tk. As we are interested
in the limiting case in which the dot level is singly oc-
cupied, 〈nd〉 ' 1, the Anderson model at small energies
is mapped onto the Kondo model by the Schrieffer-Wolff
transformations. The so called local moment regime is
formed by projecting out the empty and the doubly occu-
pied states in the original SIAM. Folowing Hewson [66],
we introduce the projector Pn onto the subspace with
n = {0, 1, 2} particles, and write the total Hamilto-
nian of the system as H =
∑
n,m PnHPm. Denoting
Hnm = PnHPm, the effective Hamiltonian for n = 1 is
HSW = H11 +
∑
n=0,2
H1n(E −Hnn)−1Hn1 (A3)
with E the eigen-energy of HSW . The sum in (A3) con-
sists of two terms corresponding to the empty (n = 0)
and doubly occupied (n = 2) states. Explicit evaluation
of one of the terms, for example the one corresponding
to n = 2, gives:
H12
1
E −H22H12 =
=
∑
kk’
σ,σ′
tkt
∗
k’
E − (2d + U)−H00 c
†
kσnσ¯dσd
†
σ′nσ¯′ck′σ′ +
+
∑
k,σ,σ′
tkη
∗
σ′
E − (2d + U)−H00 c
†
kσnσ¯dσd
†
σ′nσ¯′(f + f
†) +
+
∑
k’,σ,σ′
ησt
∗
k’
E − (2d + U)−H00 (f + f
†)nσ¯dσd
†
σ′nσ¯′ck′σ′ ,
(A4)
with the observation that {ξ, k}  U is always satisfied
in local moment regime. The first term in Eq. (A4) can
be further transformed along the lines of Ref. [46] into
the ”regular” Kondo Hamiltonian, while the second and
third terms entail the Majorana modes. The anisotropic
situation that we are interested in allows us to neglect
in (A4) terms ∼ η2. Spin-flip and potential scattering
can be separated as follows by a simple trick that uses
a identity for the Pauli matrices (we transform here the
third term in Eq. (A4) only)∑
k’,σ,σ′
ησt
∗
k′
E − (2d + U)−H00 (f + f
†)nσ¯dσd
†
σ′nσ¯′ck′σ′ '
' −
∑
k’,σ,σ′
√
2ηt∗k′
U + d
uσ(f + f
†)dσd
†
σ′ =
= 2
∑
k’,σ,σ′
α,α′
√
2ηt∗k′
U + d
×
{[
uσ(f + f
†)
(
1
2
σσσ′
)
ck′σ′
] [
d†α′
(
1
2
σαα′
)
dα
]
+
+
[
uσ(f + f
†)
(
1
2
δσσ′
)
ck′σ′
] [
d†α′
(
1
2
δαα′
)
dα
]}
,
Keeping in mind that we are interested only in spin flip-
ping processes, and neglecting in what follows the po-
tential scattering terms, we recover the Hamiltonian (9).
Neglecting also the momentum dependence, the exchange
interactions in Eq. (9) are simply given by
J = 2 |t|2
{
1
U + d
− 1
d
}
, (A5)
JM = 2
√
2 ηt∗
{
1
U + d
− 1
d
}
. (A6)
As η  t, it immediately implies that JM  J . Al-
though it may be small, the exchange interaction JM
couples the local spin to the Majorana modes and is re-
sponsible for transport across the dot.
Appendix B: Green’s functions
In general, the time ordered, anti-time ordered, bigger
and lesser Green’s functions for an operator Oσ(t) in the
Heisenberg representation, are defined respectively as:
gtO;σ(t) = −i
〈T Oσ(t)O†σ(0)〉 , (B1)
gt˜O;σ(t) = −i
〈
T˜ Oσ(t),O†σ(0)
〉
, (B2)
g>O;σ(t) = −i
〈Oσ(t)O†σ(0)〉 , (B3)
g<O;σ(t) = i
〈O†σ(0)Oσ(t)〉 . (B4)
The frequency dependent Green’s functions are obtained
by using the Fourier transform:
gt,t˜,>,<O;σ (ω) =
∫ ∞
−∞
eiωtgt,t˜,>,<O;σ (t) dt. (B5)
Then, the retarded Green’s function gRO;σ(ω) =
Θ(t)
[
g>O;σ(t)− g<O;σ(t)
]
, and the corresponding spectral
function is defined as AσO(ω) = −1/pi ImgRO;σ(ω).
Next, we provide a list with the non-interaction
Green’s functions used in the calculations. The Majo-
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rana Green’s functions in the time domain are given by
i Ξ>γ1(t) =
1
2
[
f(ξ)ei(ξ+µR)t + f(−ξ)e−i(ξ+µR)t
]
,
−i Ξ<γ1(t) =
1
2
[
f(ξ)e−i(ξ+µR)t + f(−ξ)ei(ξ+µR)t
]
,
i Ξtγ1(t) =
sgn(t)
2
[
f(ξ)ei(ξ+µR)|t| + f(−ξ)e−i(ξ+µR)|t|
]
,
−i Ξt˜γ1(t) =
sgn(t)
2
[
f(ξ)e−i(ξ+µR)|t| + f(−ξ)ei(ξ+µR)|t|
]
.
(B6)
Here, we denote by µL/µR the left/right lead chemical
potentials and f(ω) is the Fermi function. The conduc-
tion electrons’ Green’s functions are
iG>σ (t) =
%0
it+ a
e−iµLt, (B7)
−iG<σ (t) =
%0
−it− ae
−iµLt, (B8)
iGtσ(t) =
%0
it+ a sgn(t)
e−iµLt, (B9)
−iG t˜σ(t) =
%0
−it+ a sgn(t)e
−iµLt, (B10)
where a is the inverse bandwidth of the conduction elec-
trons, which are assumed to have an exponentially de-
creasing density of states e−a |ω|.
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